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Abstract 



We study possible observational effects of the two Higgs doublets in the e + e~ — ► 
bbZ° at the LEP II energy. We have found that the observational values can be ob- 
viously different from that predicted by the minimal Standard Model (MSM), but 
the results depend on the parameters of the extended model. The possibilities of 
the observation are discussed in some details. 
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I Introduction 



The Standard Model (SM) has achieved great successes in almost all fields of phe- 
nomenology of high energy physics so far. Especially, the top quark mass has been 
published as 176 ± 8(stat.) ± 10(sys.) GeV and 199^?(stat.) ± 22(sys.) GeV §, 
thus the three generation structure of the SM is complete. The only still obscure 
part in the theory is the Higgs sector, which is crucial to the mechanism of the Spon- 
taneous Symmetry Breaking (SSB) of SUii^) x t/y(l). Therefore, more attention 
will be focused on the "Higgs hunting" within a wide energy range 0. 

The Higgs hunting includes two-folds. The first is to seek for the existence 
evidence of Higgs bosons through all available experiments, whereas the other is 
to test if the Higgs sector is indeed that of the Minimal Standard Model or an 
alternative, for example, an extension with two or multi Higgs doublets. 

There has been much effort to search for the Minimal Standard Model (MSM) 
Higgs at lower energies of LEP I, but so far no success has ever been reported. 
With the top-quark being discovered, one cannot elude this acute question now. 
LEP II will open a new place for Higgs hunting, because clearer signals for heavier 
Higgs are expected above the relatively low background. Recently Boos and Dubinin 
estimated the Higgs signal at process e + e~ — > bbZ° || and they found that the ratio 
of the Higgs signal versus the background may approach to unity as \/s ~ 200 GeV 
provided m# ~ 100 GeV. If the MSM is right, namely only one neutral Higgs exists, 
the situation for determining the mass of Higgs is optimistic from this estimate on 
the suggested measurement. Because there is no any free parameter except the 
Higgs mass at the tree level, a precise data of the cross section and differential cross 
section of e + e~ — > bbZ° would pin down the Higgs mass almost, if Mh < 100GeV/c 2 . 
However, if there are more Higgs doublets, it will be another story. 

In fact, search for some mechanisms beyond the Minimal Standard Model (MSM) 
is also interesting for both experimentalists and theoretician of high energy physics 
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0. The "minimal" extended Standard Model (ESM) is the gauge theory SUl(2) x 
Uy{l) with an extended Higgs sector consisting of two Higgs doublets JJ. If the 
Higgs sector is indeed more complicated, they may also play roles in the LEP II, 
such as e + e" — > bbZ°, The neutral Higgs being real or virtual, can directly contribute 
to the process, so it may provide us with the information of Higgs sector. 

Recently, a more accurate measurements onB^ K*^ and B — > X s + 7 set an 
upper limit to b — > 57 transition and establish more stringent constraints to all the 
extended Standard Models on the Higgs sector. |7[], || and 0. When a special 
extended Standard Model is applied to the concerned process, the constraint must 
be taken care of seriously. 

For the cross section evaluation of e + e~ — > bbZ°, we will show below that just 
because of existence of more neutral Higgs, the situation becomes much more com- 
plicated and one cannot be so optimistic about hunting Higgs from the data. 

In this work, we analyze the contribution of two Higgs doublet model to e + e _ — > 
bbZ°, it is noted that existence of the second neutral Higgs particle h° can cause 
an obvious difference at the differential cross section from that by H° only. This 
result suggests that if only total cross section of e + e~ — > bbZ° is measured, the 
obtained value cannot determine the Higgs mass unless there is only one Higgs dou- 
blet, however it indeed can if measuring the differential cross section with respect to 
(p 2 + P3) 2 = $2 precisely where P2 and p% are the momenta of b and b respectively. 

II The extended Standard Model with two Higgs 
doublets 

The general description of the models can be found in ref. 0. Here we just give 
some necessary information to make the paper more self-content. 

There are two types of the model where the quarks gain masses in different ways 
and we will denote them as Model I and Model II as in the literature. 
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The key parameter is f3 which is defined as 

tanf3 = v 2 /vi (1) 

where v i and v 2 are the vacuum expectation values (VEV) of the two Higgs doublets. 
In model I, quarks and leptons gain masses only from the second Higgs doublet while 
the first Higgs doublet decouples. In contrast, in model II, d-type quarks and leptons 
obtain masses from the first doublet whereas u-type quarks from the second doublet. 
There are three neutral bosons H°, h° and A remain as real particles after SSB, but 
since A is a CP-odd boson, in our case (at the tree level) it does not contribute at 
all. 

The Lagrangian for Higgs-fermion coupling can read 

L »>< = -m^ MMHQ ^ a + h °^- W m,D ' KDA ° (2) 
-2M^f M " u{H ° 8111 a + h ° ™ s «» + W VM ^ UA ° 

Q COS 8 

+ 2V2M w {H+U[MuK{1 ~ 75) " KMd{1 + l5)]D + ^ 
for Model I. In contrast, the Model II interaction is 

L Hf7 = 9 - -DM D D(H° cos a-h° sin a) + W ^ ^ DMd^DA (3) 

- o,/ ■ o UMuU(H° sin a + h° cos a) + '-^luMu^UA 
2M W sm p 2M W 

+ _? {H + U cot (3[MuK{\ - 75) + tan/5iTM D (l + lb )\D + h.c), 

2\f2M\\r 

where K is the Cabibbo-Kabayashi-Maskawa matrix, My and Mp are the mass 
matrices of the u-type and d-type quarks, a denotes a mixing between H° and h° 
as 

H° = ^[(Re^ - cos a + (Re<f 2 - v 2 ) sin a] (4) 

h° = V2{-(Re ( f) 1 -v 1 )sma+ (Re<p° 2 -v 2 )cosa]. (5) 

Since none of the parameters M H o, M h o, (3 and a is determined experimentally, 
the extra Higgs doublet increases complexity for identifying Higgs and we will dis- 



cuss the measurement problem later. 



Ill The cross section and differential cross section 

of e+e" bbZ° 

For the MSM, totally there are nine different Feynman diagrams at the tree level, 
which are given in ref.Q, however, in the ESM, because of existence of h°, the 
diagram (1-3) of ref.Q should be split into two diagrams corresponding to H° and 
h° respectively. Being explicitly, we demonstrate the diagrams in Fig.l of this paper. 
The ten diagrams interfere, so the calculation is tedious but straightforward. We 
first write down the amplitude contributed from the ten Feynman diagrams and 
then employ a standard program for numerical evaluation of the cross section. 
The propagator of H° and h° is written as 

^ p 2 - m 2 H + iT H m H ^ 
where Th and m# are the mass and width of H° or h° respectively. 

At the tree level, T^o, T^o in model I and model II can be expressed as 

r ff o (orh o } = -^-M H o[3Af3 3 c m 2 c + B(3(3 3 b m 2 b + $m 2 T )] (7) 

where 

f3 2 = l-^lL (<p = H°or h°) (8) 

m 4> 

In model I. A = (^) 2 , B = (^) 2 for H°, A = (^) 2 , B = (^) 2 for h°, whereas 

' \ smp ' ' ^ strip ' ' ^ strip ' ' ^ strip' ' 

in Model II, A = (^) 2 , B = (^) 2 for H°, A = (^) 2 , B = (^) 2 for h°. 

' v strip ' ' V cosp ' ' v strip ' ' v cosp ' 

One alternative way to analyze the data is to measure the differential cross 
section with respect to the invariant mass of {pb + Pi) 2 = s 2- The interest is obvious: 
in the three body final state, the whole phase space integration can smear out some 
information. Explicitly, if the b and b come from bbH° and/or bbh° vertices, as 
H°(h°) and the invariant mass of the bb pair crosses the pole, the differential cross 
section can give rise to a peak. 



Just as pointed out by ref . [[| , an important feature is the large ratio of the Higgs 
signal to the rest electro-weak background. For the convenience of later discus- 
sions, we give the explicit expression of for which only the Higgs, H° and h° 

contributions are taken into account. 
do- 3 g 3 m b 2 2 2 . 



:i + (l-45- 



ds 2 i28vr 3 s 2V 8CV W ' ' s 2 

i s + [(* + M l ~ S2? ~ l\(s, Ml s 2 )}} ■ - 2m 



,k [iS + M| - " l XiS ' Ml S2)]} ■ ( f - 2ml) ■ (s-M 2 ) 2 + Y 2 M 2 



-cos(P — a)ci 



(s 2 -M 2 H() ) +iT H oM H o' 

' -sin(/5 - a)c 2 \ 2 (9) 



{s 2 -M 2 h0 )+iT h0 M h0 



where 



\(a, b, c) =a 2 + b 2 + c 2 - 2a6 - 26c - 2ca 

5*vk = sin^vy, Cw = cos^vf, is the Weinberg angle, ci = sina/sin/3, C2 = 
cosa/sin/5 for model I, c\ = — cosa/cos/?, c 2 = sina/cos/5 for Model II, and s = 
(p + p') 2 with p and p' being the momenta of electron and positron. 

Boos and Dubinin [|J showed that the interference between the " signal" diagram 
from Higgs and the other eight background diagrams is small compared to itself 
of the signal and background at the peak of the Higgs resonance and the places 
far away from the peak respectively, so one can investigate the signal of Higgs by 
directly observing the difference of the differential cross section from that predicted 
by the well-understood background. The situation for the extended Standard Model 
with two Higgs doublets is similar: the interference of the signal caused by H° and 
h° with the eight background diagrams being small. Therefore we can also study 
the change of the cross section induced by the two Higgs bosons in comparison with 
the background. Therefore it makes sense that in the figures for differential cross 
sections, we plot the total contributions and the part from only the Higgs bosons 
separately. 

Now, let us turn to the numerical analysis. 
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IV The signal about Higgs and the background 



As aforementioned, if the MSM is valid, a precise measurement on the cross section 
of e + e~ — > bbZ° would determine the Higgs mass, but if the second Higgs doublet 
exists, it is more complicated and uncertain. 

The Feynman diagrams which concern H° and h° are only (3) and (4) of Fig.l. 
Since all the four parameters M H o, M h o,a and (3 are unknown, we cannot predict 
the cross section or differential cross section precisely, instead, we will employ some 
specific values for the parameters and clarify the physics picture. Moreover, there 
are constraints on the (3— value from the LEP experiments and the b — > transition, 
namely very small (3— value (tan(3 < 0.2) and very light h° (M h o < 60 GeV) regions 
are ruled out. 

In fact, as the second Higgs boson h° is involved, the total cross section and dif- 
ferential cross section would be different from that predicted by the MSM. However 
our results show that the change of the total cross section is too tiny for detecting. 
The physically interesting observation is the differential cross section. We focus our 
attention on the the possibilities, which depend on the parameters of the model, i.e. 
due to possible but different parameters of the model, at LEP II energy two peaks 
protruding out from the background occur in the differential cross section or only a 
single one does. We will show that even only one peak exists in the s 2 sprectrum 
for LEP II experiments, the MSM and ESM still may predict a different width and 
height of the peak, hence their combined effect, the event rate, so different from 
each other that the experiments may distinguish them, if the parameters in ESM 
are suitable. 

(i) In Fig. 2, we draw the differential cross section versus s 2 = (pb + Pi) 2 with 
a = tt/4, Mtf O =100 GeV, M h o=70 GeV and (3 = 0.25 in Model II, then it is found 
that as S2 varies, two resonance peaks appear very clearly above the background. 

The upper curve which corresponds to the total contribution from all the ten 
diagrams covers the lower one which only accounts for the two diagrams concerning 
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H° and h°. It is noticed that the heights of the peaks heavily depend on the 
parameter choices (a and /3), but the peak signal is obviously above the background 
and may be observable if the resolution of the measurements on the momenta of b 
and b is fine enough. The widths also depend on the parameters, as shown in eq. ([?]). 
The heights of the peaks are almost only determined by the Higgs contribution. At 
the upper curve one can observe another broad peak at M z , it is easy to understand 
that it comes from the Z— pole at (6) of Fig.l. 

For Model I, the situation is very similar, we can clearly observe two peaks at 
the da/ds2 spectrum as for Model II, so for saving space, we just omit it. 

(ii) It would be interesting to investigate the possibility that if there is only 
one peak in S2 spectrum over the possible energy range of LEP II, whether it cor- 
responds to and so confirms the contribution of the Higgs of the MSM or can 
be something else. Besides the MSM, we may expect another possible solution. 
Namely, one of the peaks (h° or H°) is located outside our energy scan range, i.e. 
Myfi or H a > \fs-Mz, so is missing in the figures of differential cross sections. Gener- 
ally, M^ DM < M$ DM , so we suppose that the H° of the 2HDM is outside the scan 
range. Considering that the experimental resolution for measuring the momenta of 
b anf b pair is limited and the width of the Higgs resonance is quite narrow, the 
quntities of AiV, where AiV = ^f-T, relate to the event numbers directly and are 
not very sensitive to the experimental resolution, let us define the ratio: 

(AN*»™)\ h o 

(AAT^)ltfo' { ' 

and use the ratio R to characterize the difference between 2HDM and MSM. The 
superscript 2HDM and MSM correspond to the Two-Higgs-Doublet-Model and the 
Minimal-Standard-Model respectively. R corresponds to the ratio of the events 
from h° predicted by the 2HDM to that from H° by MSM, and assuming M^{ SM = 
M™ DM but M™ DM < M 2 H H DM as well. 

The dependence of R on f3 and a is shown in Figs. 3 and 4 corresponding to 
Model I and Model II respectively. The meaning of the results will be discussed in 



next section. 



V Discussions and conclusion 

Higgs hunting may be the task for the rest of this century, but we are convinced by 
the past efforts in both experiments and theories that it is a very difficult job. Any 
progress along the direction must be very exciting and shed light on the mysterious 
sector of the Standard Model. 

LEP II will run at 190 ~ 205 GeV C. M. S energy and due to its much clearer 
background than hadron collider, it is a foreseeable ideal place for Higgs hunting in 
the recent a few years. 

In MSM, after SSB of £77(2) x £7(1), only neutral Higgs remains. The Higgs 
boson event rate for the bremsstrahling process e + e~ — > Z°H° is known better 
than 1% including radiative corrections ||11|| . To measure e + e~ — ► Z°bb in fact is 



measuring a combination of two processes e + e~ — > Z°H° and H° — * bb, especially 
for the differential cross section at the Higgs peak. Namely if H° is not too heavy, 
the intermediate H° can be real. As the authors of ref.|| showed that in the case 
the ratio of signal over background in e + e~ — > bbZ° is greatly increased and close to 
unity. 

However, if the Higgs sector is not so simple, for example, it includes two or 
several doublets, the complexity increases. As we discussed above, analysis of the 
total cross section depends on the employed theoretical models, so a rash conclusion 
may be misleading. If there indeed exists the second doublet in the Higgs sector, 
once we observe the total cross section only, which is larger than that the supposed 
background can give rise to, we still cannot be used it to relate to the Higgs mass 
as done for MSM. This makes the wish to draw a definite conclusion on Higgs mass 
from measuring the total cross section of e + e~ — ► bbZ° pessimistic. 

As shown in Fig. 2, the differential cross section with ,, d ° , 2 = 4 s - indeed 
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demonstrates two peaks which correspond to H° and h° respectively because H° 
and h° both are not too heavy. It certainly is an evidence of ESM. Of course, there 
is another possibility that M#o is too large that its peak cannot be allowed to ap- 
pear by the phase space for the LEP II energy. In this possible case, one probably 
observe one peak only, but a careful analysis of the measurements, which include 
the total cross section and differential one, may still help to distingruish it from h° 
of 2HDM or the Higgs boson of the MSM. 

In general, it is more interesting to study the case when only one peak exists 
in the figures for the differential cross section at a precise energy e.g. at LEP 
II, because in the case the feature of the signal is similar for MSM and 2HDM, 
whereas it is still possible to indicate whehter the peak corresponds to MSM or 
2HDM in certain conditions. In the paper, we would like to see the conditions: the 
experimental measurements are precise enough and the parameters of 2HDM are 
suitable. In Figs. 3,4 we demonstrate the dependence of R defined in last section 
on the two angles /3 and a of 2HDM. Thus from the Figs, 2-4 we may achieve some 
understanding of the peak when having the peak well measured. If R ~ 1.0, one 
would not be able to distingruish MSM and 2HDM, while if one may be certain to 
exclude the uncertainties and to have R < 1.0 (from Figs. 3,4 one may see that there 
are very rare chances for the model parameters to have R > 1.0), one would be able 
to say the peak is in favor of 2HDM with a possible choice of the model parameters. 

In fact, in terms of eq.(10), one can immediately obtain approximate expressions 
of R for Model I and II. Concretely, 

R « sin 2 (/3-a) (for Model I) (11) 

R « sin 2 (/3-a) = (for Model II). (12) 

KH ' 0.8 cot 2 a cot 2 /3 + 0.92 v J K J 

The results show that if one resonance of H° or h° (usually assuming M^o < M#o) 

is outside our energy scan range (M H o > s/s — M z in our case), for Model I of 

2HDM, with a reasonable (3 range as tan(3 > 0.21, which is constrained by the data 

of b — > 57 @ 1§, we always have R < 1, namely the area encompassed by the peak 



resulted by the neutral Higgs of the 2HDM is always smaller than that resulted by 
the MSM Higgs. Whereas, for Model II, there is possibility that R > 1, but within 
a plausible region 0.21 < (3 < n/2 and a not being large, the ratio R is also smaller 
than unity. 

LEP II will provide an integrated luminosity of about 170 pb -1 per year [12| with 
the data taking efficiency less than 25 %. According to the estimation of ref. [Q, the 
MSM can produce less than 100 events every year as LEP II operates at 195 GeV. 
With the number as a reference, our results indicate that the total cross section and 
differential cross section can be observed when R is not too small e.g. R > 0.1, but 
still vary with the Higgs mass in models. 

To determine if the peak corresponds to MSM or 2HDM, one should require 
R < 0.7, otherwise a clear judgement is very hard if not impossible at LEP II due to 
very rare events. From our numerical results shown in Fig.3 and Fig. 4, only a and 
/3 remain within certain ranges, R can be expected to be less than 0.7 but greater 
than 0.1. As discussed, the complexity due to the two Higgs doublets cannot be 
eliminated by the unique process e + e~ — > bbZ° at LEP II. In fact, it is very limited 
for LEP II to solve the problem. As the physical world sets an even messier picture 
to us, along the direction any progress will be inspiring and encouraging and the 
measurements on e + e~ — > bbZ° are definitely significant in the Higgs hunting process 
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Our conclusion is that even though the e + e~ — > bbZ° measurements at LEP II 
can provide us some direct evidence and information about H° to indicate MSM 
or 2HDM if we are so lucky enough that the Higgs mass eventually falls into the 
experimental ability, the new scenario will begin immediatelly in fact. To determine 
the Higgs doublet structure is a complicated and very hard problem with such a few 
events. A careful measurement on the differential cross section ^ 2 is always 

useful and helpful, especially for determining the mass of the Higgs. 



10 



Acknowledgements 



This work was supported in part by the National Natuare Science Foundation Of 
China and the Grant LWTZ-1298 of Chinese Academy of Sciences. 



References 

[1] The CDF Collaboration, Phys.Rev.Lett. 74 (1995) 2626. 
[2] The D0 Collaboration, Phys.Rev.Lett. 74 (1995) 2632. 

[3] G. Montagna, O. Nicrosini, G. Passarino and F. Piccinini CERN-TH.7322/94 
[4] E. Boos and M. Dubinin, Phys.Lett. B308 (1993) 147. 

[5] J. Gunion, H. Haber, G. Kane and S. Dawson, The Higgs Hunter's Guide, 
Addison- Wesley Pub. Co. (1990) New York. 

[6] L. Abbott, P. Sikive and M. Wiss, Phys.Rev. D21(1980)1393; Ph.A.S. Desousa 
and Gerbert, Nucl. Phys. B272 (1986)581; D. Ross and M. Veltman, Nucl. Phys. 
B45(1975)135; W. Hou and R. Willey, Phys, Lett. B202(1988)591 

[7] Stange and W. Brock, Phys.ReV. D48 (1993) 2054; C. Geng, P. Turcotte and 
W. Hou, Phys.Lett. B339 (1994) 317 

[8] V. Barger, J. Hewett and R. Phillips, Phys.Rev. D41 (1990) 3421; J. Hewett, 
SLAC.PUB.6521 (1994). 

[9] A. Grant, EFI-94-24. 

[10] A. Sopezak, CERN-PPE/94-73 and references 



11 



[11] F. Berends and R. Kleiss, Nucl.Phys. B260(1985)32; B. Kuiehl, Z.Phys. 
C56(1992)261 

[12] J. Augustin, CERN-PPE/94-81. 

[13] J. Diaz-Cruz, R. Mantinez, M. Perez and A. Rosado, Phys. Rev. D41(1990)891; 
A. Buras, P. Krawczyk, M. Lantenbacher and C. Salazar, MPI-PAE/PTh 52189; 
V. Barger, R. Phillips, Phys.Rew. D41 (1990)884. 

[14] C.-H. Chang, X.-Q. Li, J.-X. Wang and M.-Z. Yang, Phys.Lett. B313(1993)389. 

[15] E. Boos et al, Phys.Lett. B326 (1994) 190; A. Ambrosanio and B. Mele, Z.Phys. 
C63 (1994) 63. 



Figure Captions 

Fig.l. The Feynman diagrams for e + e~ — > bbZ°, where (3) and (4) are that 
concern H° and h° respectively. 

Fig. 2. The dependence of the differential cross section on s 2 for Model II with 
a = tt/4, tan/5 = 0.25, M H o =100 GeV and M h o =70 GeV. 

Fig. 3 The dependence of R on a and (5 for model I. 

Fig. 4 The dependence of R on a and (3 for model II. 
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